Definitions of death are mostly negative. We call an organism dead when it shows no more the symptoms which we consider characteristic of life. Staining with certain dyes, which is frequently used as a distinction between living and dead cells, is also a negative critenon, being caused by the loss of selective permeability of the plasma membrane. The standard definition of bacteriologists considers a bacterium dead if it does not produce colonies on agar; the criterion is loss of reproductive power.
Four causes of death were tested: (a) high temperature, near 50°C.; (b) chemical poisoning, represented by HgC12; (c) ultraviolet light, from a mercury vapor lamp, unfiltered; (d) x-rays, from two Coolidge tubes, one operated at 80 kv., 4 ma., with the yeast about 10 cm. from t h e m o l y b d e n u m t a r g e t , a n d the o t h e r w i t h 100 kv., 15 ma., w i t h t h e y e a s t 16 to 23 cm. from the t u n g s t e n target. I n each e x p e r i m e n t , the survivors, as m e a s u r e d b y t h e v a r i o u s criteria, were d e t e r m i n e d after 2.5, 5, 10, 20, a n d 40 m i n u t e s ' expo-sure to the harmful influence. In the case of HgC12, 1 cc. each of 0.1 molar potassium sulfide and 0.5 per cent ammonium chloride were given to 4 cc. of yeast suspension at these intervals, as antidote.
Samples of the results obtained by this method of procedure are shown in Table I .
From these data, the percentages of survivors for each criterion of death were computed. Table II shows the kind of data obtained. They show that with the four causes of death, the different criteria do not appear simultaneously. Only between the two dyes, no essential difference was observed, and they will be treated here as identical criteria. The decrease in the power of reproduction is always much larger than that of fermentation, and this again is larger than the decrease in resistance to dyes. There was practically no difference between the two dyes tested, methylene blue and Congo red, though it is supposed by some authors that the first might indicate loss of the reducing power of the protoplasm, while the other indicates the permeability of the plasma membrane.
In drawing conclusions from these data, it must be remembered that we are dealing with averages, and not with individual cells. We observe that more cells lose the reproductive power than the capacity to ferment. It is only an assumption, however, if we state that a cell first loses its faculty to grow, and then the faculty of fermentation, and third, the faculty of selective permeability. It has not been shown that only those cells which have lost the power to make colonies, lose their fermentative powers, and that this must precede the staining with dyes. There is some evidence for part of this sequence, but no proof. Since we have no means of separating "living" from "dead" cells, this proof could be brought only by observing the succession of criteria in isolated cells. This seems not entirely impossible, but very difficult to do.
For each criterion in each experiment, the death rate can be computed. Plotting the logarithms of the percentages of survivors against time, the resulting survivor curves are either straight lines or "sagging" curves. Rarely were bulging curves obtained.
Basically, the formula for the death rate with straight, and even with sagging, survivor curves (Rahn, 1930 ) is
where a is the initial number of cells and b the survivors after the time t. Calculating the survivors in percentages of the initial number, we have
For different criteria of death in the same experiment, the formula would be
The ratio of these two rates which indicates how much faster the one symptom appears than the other, is
Instead of computing these ratios, they were obtained graphically from the smoothed logarithmic survivor curves where 2 -log b can be measured directly and accurately. The ratio is correct only when the survivor curves are rectilinear. When they are all sagging, the ratio is fairly accurate, for the sagging indicates that the more sensitive individuals are affected essentially in the same way. In the few cases where the curves for one criterion go one way and for another criterion in a different way, no reliable comparison is possible; these cases have been omitted. The ratios are given in the next table. In order to allow direct comparison and averaging of the data, the ratios are all computed so that the loss of fermentation is 1 in each case.
Discussion of Results
The averages of the death rate ratios appear as the most interesting result of this investigation. There is a tendency in these averages of the plate count ratio to increase with time. In the case of death by ultraviolet light, this increase is so large, and at the same time, a cor-responding decrease of the methylene blue ratio is so conspicuous that this cause of death will be treated separately.
In averaging all the data of death caused by heat and by bichloride of mercury, the ratio of death as indicated by methylene blue, by fermentation, and by plate count, is 0.46:1:1.52, or, in round numbers 1:2:3. With x-rays, death as indicated by methylene blue or Congo red was too slow to be measured. Even the fermentation was but slightly reduced, and the ratio of fermentation to plate count was very large, averaging 8.5. This difference is important. It indicates that loss of reproduction is not the immediate cause of the loss of fermentation. If so, the ratio should be approximately the same with all causes of death.
In death by ultraviolet light, the ratios do not remain constant, but increase with the time of exposure. While at first, after 2.5 minutes, the ratios of death by the three symptoms are 0.3 : 1:1.16, or roughly 1:3:4, they increase after 40 minutes to roughly 1:20: 110. Death as indicated by methylene blue is very slow, and it seems that only a few weak cells are killed rather early while the rest are too resistant to succumb to these rays. But the ratio Fermentation is also increasing Plate count with time. The survivor curve for the plate count is nearly rectilinear, while that for fermentation is distinctly sagging. This appears strange because we are dealing with the inactivation of an enzyme; if this were a multimolecular process, the curve should bend in the opposite direction. The curve suggests that the enzyme molecules are not all equally resistant to ultraviolet light; some are more easily inactivated than others.
Loss of reproduction may be caused by a chemical change of one gene. It may or may not involve the repair mechanism of the cell. If the cell has lost the faculty of substituting new molecules for those used up in endogenous catabolism, the fermenting capacity must be expected to decrease, but this decrease is very slow (Rubner, 1913) , even more so than that observed under the influence of x-rays. This would suggest that the loss of fermenting capacity as observed in these experiments must be largely due to a direct action of the harmful agent upon the enzyme itself. It should be remembered, however, that the zymases are for the most part not liberated, but combined with some part of the protoplasm, and that death of the cell means inactivation of this portion of the zymase (Rubner, 1913~ yon Euler and Lindner, 1915) . Since the type of the compounds to which the z)nnases are anchored and their biological significance are not known, nothing further can be concluded from the material at hand.
The tendency for the ratio of loss of reproduction to loss of fermentation to become larger with time indicates that the survivor curves of the two processes are not both strictly rectilinear. Either the slower process has a slightly sagging curve, or the faster process a slightly bulging curve.
The loss of selective permeability is considerably slower than the loss of fermenting capacity. The ratio fluctuates greatly because the error in the determination of survivors is quite large. The ratio is approximately the same with death by heat and by chemical poisoning. With x-rays, there was no death at all outside the limits of error when methylene blue was used as criterion, and very little death with ultraviolet light.
It is not possible to decide from these experiments whether loss of fermentation is the prerequisite for dye penetration. If some energy should be required to keep the cell membrane semipermeable, loss of fermenting capacity may mean loss of all energy, and therefore loss of semipermeability. It is just as likely, however, that the heat or poison acts upon the cell membrane as well as on zymases and chromosomes, and ultimately brings about loss of selective permeability independent of the changes in the inner cell mechanism.
The last criterion tested was the coagulation of the protoplasm which has been claimed by Bancroft and Richter (1931) to be the fundamental reaction of death in disinfection experiments. The coagulation of yeast plasma under harmful influences, as seen in the dark-field, is a very gradual process. The normal yeast cells contained ordinarily only one or two reflecting granules. The number of these granules increased under adverse conditions, and the decision whether a cell should be called coagulated or not is entirely arbitrary.
A yeast suspension was mixed with an HgC12 solution so as to contain 0.025 per cent HgCI~. A drop of this mixture was placed in the dark-field, and the number of "living" and "dead" cells counted every minute, with continuous shifting of the field, and with occasional renewal of the drop from the same suspension. After 2.5, 5, 10, 20, and 40 minutes, samples of the same suspension were shaken with the antidote mixture, and were investigated as usual. The result of one such experiment is given in Table IV and Fig. 1 .
Coagulation of the protoplasm is the last evidence of death to appear, even though the authors considered the yeast cells coagulated long before they became as opaque as shown in the microphotographs by Bancroft and Richter. There is a long period of no deaths, and the logarithmic survivor curve is very bulging, which makes an accurate calculation of the death rate impossible. Using the datum of the 30 minute period for the coagulation rate, the following ratios are obtained:
D I F F E R E N T C R I T E R I A O F D E A T H IN Y E A S T
Coagulation : methylene blue : plate count = 1:6:43.
It is very improbable from these facts that coagulation of the protoplasm is the real cause of death; i.e., the fundamental reaction. Coagulation should not be considered as an explanation of disinfection, because the term disinfection is standardized as the loss of reproductive power of microorganisms, and this loss occurs forty times as fast as coagulation.
Coagulation in the light-field can be observed soon after coagulation in the dark-field. No quantitative measurements of this criterion have been made.
The senior author has advanced the theory that the logarithmic order of death of bacteria, which contrasts strikingly with the order of death of higher organisms, may be brought about by the fact that the destruction or inactivation of one single molecule (e.g. in one certain gene) prevents further cell division. The destruction of enzyme molecules by heat is probably a monomolecular reaction (Tammann, 1895), and a rectilinear logarithmic "survivor curve" may be expected. Loss of semipermeability, however, can hardly be a monomolecular process, and if semipermeability were destroyed purely according to chemical reaction, a bulging "survivor curve" should be expected. However, all experiments show rectilinear or sagging curves.
The Recovery Problem
This problem is an entirely different one with unicellular and multicellular organisms. In the latter case, recovery may be accomplished if the uninjured cells possess sufficient vitality to reproduce, and thus to replace the inactivated cells by active ones. It may even be that the remaining uninjured ceils are sufficient to carry out their specific function for the entire organism.
With unicellular beings, the simplicity of the cell mechanism makes recovery from injury more difficult; the simple multiplication of un-injured parts is not possible. One healthy cell can develop into two cells, but one enzyme molecule cannot develop into two such molecules. Recovery of unicellular organisms means the reconstruction of a lost function.
Boycott (1920) raised the question whether bacteria can recover at all, considering the simple chemical appearance of their order of death. The very slow development of bacteria on plate cultures after injury (see e.g. Eijkman, 1908) , leaves no doubt that generally speaking, single cells can recover from injury. For an analysis of this recovery, it is essential to consider the criteria used for death and injury.
We have no means of testing for a temporary loss of reproduction with bacteria. This test is possible only in sexual reproduction. The observation of greatly delayed growth need not necessarily imply injury of the growth mechanism, but might be explained through injuries of the energy-furnishing mechanism. It is generally assumed by cytologists and geneticists that a gene once destroyed can never be replaced by the cell. The cell either loses the power to reproduce, or if it reproduces, all the offspring lack this one gene and therefore differ from the original strain. It is not probable that microorganisms should make an exception to this rule. The growth mechanism consists of many other parts besides the genes, and these may be also very sensitive, but replaceable as long as the genes are intact. Recovery of the fermenting capacity of the cells seems very probable. It has been shown by Buchner, Buchner, and Hahn (1903) that the zymase content of yeast cells may be increased by storing the compressed yeast on ice. Zymases must have been produced by the cells once, and it is imperative that this faculty continue at least as long as the cell is capable of reproduction.
In most of our experiments, the fermenting capacity of the injured yeast was tested within 30 minutes after exposure, and again 2 to 4 hours later. There was a decided increase in the rate of fermentation during this time, but this was also the case with the controls, as one of the authors (Rahn, 1929) has shown before. The reason for this increase has not been explained satisfactorily as yet, unless it be due to production of more zymase by old cells in fresh sugar solution. For this reason, a recovery from injury cannot be considered proved.
The same test was applied to the methylene blue counts. If there were recovery, the percentage of "dead" cells immediately after exposure should be larger than a couple of hours later. The experiment did not verify this (Table V) .
Bancroft and Richter mention (page 516) that the phenomenon of protoplasmic coagulation is reversible with yeast, without, however, giving records of the numbers of cells tested or proving that the "recovered" cells were really living. We have not repeated these experiments.
SUMMARY
Different criteria of death have been compared experimentally and quantitatively. Pure cultures of a yeast have been subjected to adverse conditions, and the number of dead cells, judged by different tests, has been determined in successive time intervals. The yeast cultures were exposed to heat, to HgCI~, to ultraviolet light, and to x-rays.
In each case, the cells lost the power of reproduction (measured by the plate count) most rapidly. The loss of fermentation (measured by the COs pressure) was less rapid. Still slower was the change in staining reaction with methylene blue, and the loss of selective permeability of the plasma membrane (measured by the percentage of cells staining with Congo red). Slowest of all was the coagulation of protoplasm as observed in the dark-field.
In the case of death by heat or by HgCI,, the rate of loss of reproduction was about twice as rapid as that of the loss of fermentation, about three times that of the loss of semipermeability, and about forty times as large as the rate of coagulation. With ultraviolet light and with x-rays, these ratios were decidedly different.
The technique employed does not permit the conclusion that any one criterion of death is the prerequisite for other criteria. It does not appear probable that loss of reproduction is the prerequisite for loss of fermentation or of semipermeability because the ratios of the velocities of these processes are not the same with all causes of death.
There is no evidence that cells may show certain criteria of death immediately after exposure, and recover later.
